Abstract-
An entropy based decomposition technique is applied to some wide-band polarimetric data sets acquired under fully controlled conditions.
The measured targets include various tree types and maize plants. The acquired data are analyzed firstly by displaying the loci of the Entropy-Alpha pairs both as a function of the working frequency and the incidence angle. This analysis shows which are the dominant scattering mechanisms of the target as a whole. The decomposition scheme can equally be applied in the time domain. The decomposition results in the time domain show the elements of the sample originating the scattering mechanisms observed in the frequency domain, thus providing useful physical characteristics for constructing equivalent electromagnetic models for further analysis and inversion algorithms. Results show that young and mature maize samples evidence a different relation between the extinction coefficients at different polarizations. Penetration into the samples of maize is high for all frequencies, even at X band. The mature samples can be modeled as a two-layer volume over the ground, whereas the young sample is better represented by one-layer over the ground.
On the other hand, the time domain results from a group of young fir trees show the varying penetration depth as a function of frequency, and plots of entropy and average alpha as a function of range also confirm that this target can be modeled as a random volume over the ground.
INTRODUCTION
In recent years, the use of multi-frequency polarimetric synthetic aperture radars (SARs) as active sensors to survey vegetated areas has become a promising tool for estimating biophysical parameters. The polarimetric nature of SAR data has been used to increase the classification accuracy by identifying the physical behavior of the scattering mechanisms that contribute to the radar backscatter [1] [2] [3] [4] [5] . and a complete and accurate analysis of an isolated sample can be carried out. We can also freely select the frequency range and incidence angles of interest.
The radar backscatter can be accurately equalized by applying a single reference fully polarimetric calibration.
Thus, leading to a simpler interpretation of the results. The first laboratory radar measurement from a vegetation sample was presented in [6] , where the backscatter data of a single fir tree at X band were analyzed. The results indicated that the green branches were the major sources of scattering.
Successive investigations have shown that both attenuation and backscattering are strongly dependent on the sample structure (i.e., size, shape and orientation of components such as trunk, branches and leaves). The effect of the orientation of the branches in the polarization of the backscatter signal as well as the dependence on the spatial resolution at different frequency bands were outlined in [7] . In [8, 9] the authors conclude that the presence of needle-like leaves in Japanese conifers introduces a substantial amount of depolarization only at X band. At C band the backscatter sources are mainly the branches and the trunk. This was also confirmed later in [10] , where the needles were found to only slightly attenuate the radar signal. Finally, the conclusions are summarized in Sect. 4.
FORMULATION
The polarimetric response of natural targets is neither deterministic nor purely polarized, therefore a statistical approach must be followed. The proposed method is based on the computation of the target coherency matrix [5] . This technique is intended to be founded on parameters with physical meaning.
The physical information is extracted from the measurements by applying target decomposition techniques. In this case, the algorithm provides results such as the randomness of the scattering process, the dominant scattering mechanisms and an angle related to the mean orientation of the target elements. where their ranges are: 0 < H < 1 and 0° < a < 90° . As shown in [5] , the averaging inherent in this model implies that as the entropy increases, the range of a is reduced. The bounds of this variation for OE can be quantified by invoking symmetry arguments, obtaining a feasible region in the H -a plane. By looking at the region populated by the loci of the H -a obtained from the measurement data, one can easily infer which are the dominant scattering mechanisms.
If the scattering is due to some particles with a preferred orientation, is a good estimate for this orientation.
Here, we propose two different uses of the presented formulation. The first consists in the construction of the target vectors k with the values of the frequency domain backscatter data as a function of the frequency, incidence angle and polarization. Then, selecting a fixed elevation incidence angle, the averaging is computed with all the azimuth angles and frequencies within the working band. As a result, a single coherency matrix is obtained and an H -a pair is derived for each elevation incidence angle and frequency band. Obviously, with the frequency domain data, we can study the response of the whole target as a function of the incidence angle and the frequency. However, we cannot identify the elements of the sample originating the scattering mechanisms.
As an alternative, we can apply the proposed decomposition scheme in the time domain.
In Therefore, we will be able to identify the local scattering mechanisms associated with each position in slant range.
EXPERIMENTAL RESULTS AND DISCUSSION
The measurement set-up used in the experiments is shown in Fig. 1 . The vegetation samples were mounted on a rotating platform inside the anechoic chamber.
The measurement system is based on a network analyzer and operates in the stepped-frequency mode. During the measurements the samples were rotated about a vertical axis by 360° in azimuth, acquiring the polarimetric radar backscatter at 72 angles with a step of 5 degrees. The frequency ranged from 0.5 to 10 GHz. Here we present results for frequency spans of 1 GHz centered at L, S, C and X bands: 0.5-1.5, 2.4-3.4, 4.5-5.5 and 7.8-8.8 GHz respectively. The elevation incidence angles ranged from 0° (i.e., from nadir) to 60° with a step of 10 degrees. The acquired data in the frequency domain were empty room subtracted and gated in the time domain in order to isolate the response of the plants from the residual antennas coupling and eventual spurious reflections in the chamber. The H -a pairs are positioned on the plane, where we have also displayed the border of the feasible region (dashed line) and the zones (solid line) used in the classification scheme presented in [5] . As shown in the photographs, the three samples have different structures besides their density and height. These morphological differences are successfully resolved by simply plotting the resulting loci of the decomposition scheme on the H -a plane. Two common trends can be observed at the three frequency bands: 1) the loci cover a wide range along the border of the feasible region, 2) they present a clear dependence upon the incidence angle. As the angle increases, the dominant scattering mechanism goes from surface (a close to 0° ) to dipole like (a close to 45°), and the entropy reaches its maximum for every a. At this stage of the analysis, this fact can be justified as follows: from steep angles the ground is more visible, thus the scattering mechanism should be more surface like; on the other hand, as the incidence angle becomes more gentle, the radar sees the maize sample as a distribution of vertical cylinders which must show a scattering mechanism closer to dipole like. Note that, for all vegetation samples, the same general trend with the incidence angle has been observed: the loci go roughly from the bottom-left corner towards the top-right corner on the H -a plane. Since it is a regular trend, the only loci to be labeled are the first (0 deg) and the last one (60 deg). The reader can easily follow this path and identify the loci for every angle by simply counting from the first to the last. With respect to the contribution of polarimetry, the targets are so random that polarimetric information is limited. In fact, when the loci lie along the lower curve of the feasible region, the measurements can be fully characterized by two parameters: total power (A1 + A2 + A3) and depolarization m. As explained in [5] , the points of the lower curve of the feasible region correspond to a coherency matrix with the Figure  3 . H -a as a function of incidence angle at S, C, and X band for the three maize samples.
Incidence angles = 0° -60° .
where m fixes the location on the H -a plane. It also means that the polarimetric parameters can be obtained by using only and (ISH HI) = (ISvvl) .
We have plotted the curves of £ A vs m as a function of the incidence angle for the three maize samples at C and X band in Fig. 4 . At S band the loci actually lie off the lower banding and therefore they are not shown here. From the curves at C and X band, it is evident that sample C can be easily separated from the others by looking at the total power at any incidence angle. With respect to samples A and B, it is possible to distinguish them at a single incidence angle, but the global trend is quite similar.
Note that the samples with mature plants (A and B) could be modeled as a two layer structure above the ground: a top layer with a random distribution of wide long bent leaves, and a bottom layer with thin trunks without leaves. In contrast, the young plants of sample C have wider green trunks with an almost regular distribution of wide leaves (not bent) from the bottom to the top of the plant, thus matching better a model with a single layer.
In Fig. 3 the loci of the samples for a fixed incidence angle change significantly as the frequency increases from S to X band. At higher frequencies, the penetration depth is more limited and the scattering mechanism associated with the top layer of the plant should be the dominating one. In the next section, this is further supported in the decomposition results in the time domain.
Fig. 5 displays the loci on the Ha plane for the group of young fir trees at the four frequency bands. As before, an evident dependence on the measurement geometry can be observed. For angles gentler than 20° the loci remain in a narrow region with high entropy and a close to 45° . This indicates that the green needles of the trees, which are the main scattering centers, show a dipole like response. However, for lower angles the loci separate from this area showing a wide spread as the frequency increases. This may be due to the presence of the ground, which is more visible from steep angles. Fig. 6 shows a comparison between the group of young fir trees and the single fir tree within the angular range 9i = 39° -51° at S and C band. The fir tree also presents loci close to the a = 45° Figure  4 . Total power À) vs m as a function of incidence angle at C and X band for the three maize samples.
Incidence angles = 0° -60° . The spread for the group of trees is smaller than that of the single fir tree. Moreover, as opposed to the big tree, the loci of the group of trees at both bands fall in the same region. These differences may be due to the differing trees architecture.
The small trees present shorter branches and the trunk is thinner than that of the big one. In addition, the top of the big tree conforms to a young tree. This fact could explain the similar results at higher frequencies.
Time Domain
The We are mainly interested in identifying the origin of the estimated scattering mechanisms.
Since there is no need to show the absolute power, in the next plots, it will be normalized to its maximum value. Fig. 7 shows the decomposition results for the maize sample A at X band with vertical incidence (incidence angle equal to zero). The relative power plot shows clearly the ground reflection peak (r ri -0.5 m), indicating that there is a high penetration even at X band. There is also an area of high reflectivity within the window 0.1 < r < 0.8 that seems to be originated by the wide leaves of the sample. On the other hand, from the plots of the probabilities of occurrence of each eigenvalue, we see that the area near the ground is dominated by a surface-like scattering mechanism (cx close to zero with probability close to one), while in the top part of the sample no single scattering mechanism is dominant (some double bounce reflections with cx close to 90° are present).
These results need to be taken into consideration when estimating the height of vegetation covers by employing polarimetric interferometry [15] . We have observed that by integrating the a weighted by its relative power over the entire time domain, the resulting a value is roughly that estimated from the frequency domain data. So, the results in both domains seem to be consistent.
In Fig. 3 , we saw that the response from both samples of mature maize were almost identical at S and C band for every incidence angle. However, at X band, the Ha pairs did not coincide for any incidence angle. The time domain results for sample B at X band are shown in Fig. 8 . Since the plants of sample B are smaller (about 1.3 m high instead of 1.7 m), they have a thinner layer with leaves and, consequently, the high reflectivity window associated with this layer is narrower. This is also the cause of the low a retrieved for the whole sample in the frequency domain result. In addition to the differing heights, the second sample shows a higher density of plants. However, this does not seem to justify the differences in Fig. 3 because the relative power at the leaf layer with respect to the ground reflection is the same. We can conclude that the average a value at X band is a function of the plants height for these two samples and, consequently, it might be used in the future for inverting the height of maize crops. This is also the case for the entropy, since both a and entropy lie at the border of the feasible region on the H -a plane. The fact that a and H depend on the height of the samples only at X band is due to Figure  7 . Analysis parameters at X band for the maize sample A.
Incidence angle = 0° . In any case, the usefulness of these parameters to construct an inversion algorithm has not been accurately analyzed yet in terms of biophysical parameters. Fig. 9 presents the parameters of the maize sample C at X band and incidence angle equal to 0° . As expected from the physical structure of the plants, the power reflected from the leaves layer, relative to the ground reflection, is much lower than that of the mature samples because of the lower density and wider spread of leaves along the entire trunk. This wider spread is also evident in the more uniform value of reflected power from all the leaves present at the trunk (0 < r < 1.4) . The final average a is lower than that of the mature samples (i.e., A and B) although the plants are higher. This may be due to the lower density of leaves in the top layer, that produces a scattering mechanism always close to zero since there are less double bounce contributions (see the picture of the probabilities of each eigenvalue). Therefore, as previously stated, the use of the final a or entropy for estimating the heights of the maize plants is conditioned (among other aspects) by the growth state or age of the plants.
The following result has been computed for the maize sample A to study the dependence on the incidence angle. Fig. 10 presents the relative power and the a plots for four incidence angles: 0°, 20°, 40° and 60° , respectively.
The reflec,ted power is highly sensitive to the incidence angle. As expected, the peak that appears around r = -0.5 m for 0°, corresponding to the ground reflection, becomes lower and lower as the incidence angle is increased, while the plots of entropy and a become uniformly distributed. This fact is due to the integration in the cross-range direction. These results can be extrapolated to the other mature maize sample. Fig. 11 shows the results for the maize sample C at X band for the same incidence angles. We see that the average a is even more uniform than that of the mature samples, because of its more homogeneous structure. An additional comment can be stated according to Figs. 10 and 11. It is known that when a wave propagates through a random medium, if the medium has some kind of orientation, then the effective propagation velocity for two different polarizations become different. sample C. It means that sample A has a higher differential extinction coefficient than sample C and, hence, this difference must be accounted for in future applications of polarimetric interferometry for locating the phase centers within the volume of these maize samples. Fig. 12 shows the time domain results for the group of young fir trees with an incidence angle of 10° for all frequency bands. The structure of this target is quite homogeneous and, consequently, its response is uniform as well. We see that there are no differences between the results at C and X band. We can clearly identify two parts in the power plot: one peak corresponding to the ground reflection, and a second smooth plate that fits the volume of the vegetation sample. At S band, the penetration is higher and therefore the relative power associated with the vegetation volume becomes much lower. As a result, the global entropy decreases drastically. This is more evident at L band, where the penetration is so high that the ground reflection is dominant.
This fact justifies that in Fig. 5 only for angles higher than 20° the average a at L band is similar to those in the other bands. There is another interesting aspect to note here. One of the scattering models more widely used for studying a canopy, due to its simplicity, is composed by one layer of random particles over a half-space that corresponds to the ground. This is basically the model presented in [15] for studying the properties of a technique for inverting the canopy height. According to this model, the randomness of the scattering as a function of depth into the vegetation should be ideally high at the canopy layer and low at the bottom of the canopy.
Since the entropy is a parameter directly related with the randomness in the scattering, it also should be high at the canopy layer and low at the ground. Fig. 12 presents this behavior of entropy as a function of the slant range, being obvious at C and X band.
In Fig. 13 the loci of H -OE are shown as a function of range for the group of young fir trees at X band and incidence angle of 10° . The slant range variable goes from r = -0.1 m to r = 1.5 m . It is evident that the distribution of loci matches the expectations. Again, this fact is very important for the success of polarimetric interferometry.
CONCLUSIONS
An entropy based decomposition technique has been applied to indoor polarimetric radar measurements at L, S, C and X band from different vegetation samples: three samples of maize crops, a fir tree and a group of young fir trees. The application of this technique to the frequency domain backscatter data leads to a distribution of points on the H -a plane that are related with the dominant scattering mechanisms of the whole target and depend on the frequency band and the incidence angle. The frequency domain results have been justified by transforming the data into the time domain and thus identifying the position of the parts of the sample that contribute to the scattering mechanisms. The time domain decomposition results help to understand the scattering processes present in the samples and their dependence on the frequency and incidence angle, leading to some interesting findings. For example, at X band the penetration into the maize samples is quite high and, at the same time, there is a strong response from the leaves. 
